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1 Introduction
Carbon can exist in several allotropes and forms such as diamond, graphite, fibers,
fullerenes and nanotubes. Diamond and graphite have been well known carbon material
for centuries. Carbon filaments, presumably nanotubes, were first observed by
Radushkevich and Lukyanovich in 1952 [1]. Hillert and Lange [2] reported the
concentric and bamboo textures of carbon filaments in 1958. Bollmann and
Spreadborough [3] synthesized a roll of graphite sheet in 1960. Oberlin et al. [4]
reported the chemical vapour deposition (CVD) growth of carbon nanofibers (CNFs) by
benzene decomposition. Fullerenes were discovered by Kroto et al. in 1985 [5]. In 1991,
Iijima reported double-walled carbon nanotubes (DWCNTs) and multiwalled carbon
nanotubes (MWCNTs) [6] and explained their crystal structure. His remarkable findings
caused the scientific community to focus into nanotube research. Two years later
SWCNTs were independently synthesized by Iijima and Ichihashi [7] and Bethune et al.
[8] with the help of metal catalyst particles. Nowadays, CNTs attract significant
attention in the scientific community because of their remarkable optical, electronic,
thermal, mechanical and chemical characteristics. Based on these properties a large
variety of interesting and important applications has been suggested.
Arc discharge, laser ablation and CVD methods are the most commonly used techniques
for the synthesis of the CNTs. Arc discharge and laser ablation are based on the
condensation of carbon atoms generated from the evaporation of solid carbon sources at
high temperatures. Neither of these methods provide the possibility of patterning the
catalyst for controlling the CNT placement, e.g. on a chip. The CNTs grown by these
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methods are highly tangled, with unwanted carbon and metal impurities, which make
them difficult to purify, manipulate, and assemble for practical applications.
CVD is based on the process where a carbon precursor is transported via the vapour
phase to the reaction chamber where it decomposes on the surface of the catalyst
particles. The CVD method allows CNT growth at much lower temperatures compared
to the arc discharge and laser ablation methods. The CVD method is a controllable
process for the selective synthesis of CNTs either individually or in bulk. As a carbon
source, usually hydrocarbons (C2H2, CH4, C2H4, etc.) or CO are used. Hydrocarbon
decomposition has the drawback of forming an amorphous carbon coating, due to the
self-pyrolysis of the reactant at high temperatures, which generally requires additional
purification steps prior to CNT utilization. This can be avoided by using CO, which
disproportionates only on the catalyst surface.
The CVD synthesis can be carried out either in the gas phase or on substrate materials.
The CVD process realized in the gas phase is called a floating catalyst or an aerosol
CVD method. CNT growth on the supported materials has several advantages over
other methods. Usually no sonication and oxidative purification are involved for the
SWCNT samples grown directly on the device substrate, which significantly reduces the
possibility of defect formation and altering of the CNT properties. Patterns can be
introduced by various lithography methods, which is useful for many applications such
as field emission, sensors, transistors, memory devices etc. The substrate materials used
for the synthesis can be divided into particles and flat substrates. For growth on
particles, SiO2, MgO and Al2O3 are the most commonly used substrate materials with
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both hydrocarbons [9-11] and CO [12-14]. Zeolites [15] and CaCO3 [16] are also known
to provide good substrates for the CNT growth.
In case of flat substrates, Kong et al. [17] synthesized SWCNTs from patterned iron
catalytic islands on a SiO2 substrate using methane as a carbon. Huang et al. [18]
synthesized millimetre long SWCNTs with iron catalyst on a SiO2 wafer using CO.
Zheng et al. [19] reported that the addition of H2 greatly enhanced the SWCNT growth
using iron catalyst on a silica substrate by CO disproportionation. Peng et al. [20] and
Kasumov et al. [21] synthesized SWCNTs from iron catalyst on Si3N4 membranes using
CH4 and C2H2, respectively. CNT syntheses on Al2O3 substrates have been extensively
described using hydrocarbons [22, 23] and CO [19] as carbon sources. Other materials,
including quartz [24], sapphire [25], diamond [26] and mica [27] were also efficiently
used as supports for CNT growth.
1.1 Aim of the thesis
Despite the great progress in the synthesis of CNTs, the growth mechanism is not fully
known yet. Understanding of the CNT formation is crucial to achieve efficient control
over the CNT structure and yield. One of the main goals of this work is to investigate
the growth of CNTs on flat substrates and therefore to enable the control of their
properties. For this purpose we have developed a vertical CVD reactor with well
controlled CO flow conditions. Variation in the experimental conditions such as catalyst
sputtering time, CO2 concentration and the synthesis temperature have allowed us to
control the length, diameter and number of CNT walls (Publications I, II). Moreover,
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careful control of the flow conditions has enabled us to synthesize individual SWCNTs
across 1.5 ?m wide slits for studying the chirality dependent properties of individual
tubes (Publication III).
The knowledge and experience obtained during the investigation of CNTs on the flat
substrates were essential to grow carbon nanomaterials on the surface of particles like
cement and clinker. Significantly, these particles, probably the most important
construction components, naturally contain the iron catalyst needed, but have never
before been utilized for the growth of CNFs/CNTs. To examine our concept concerning
the possibility of CNT/CNF growth on cement and clinker particles without additional
catalysts we built and utilised a simple horizontal fixed powder bed CVD reactor
(Publication IV). To enhance the production rate of the carbon nanomaterials we
designed and constructed a semi-industrial scale screw feeder reactor, with a continuous
particle feed. Optimization of the growth conditions has allowed us to synthesize
cement hybrid materials (CHMs) with different concentrations of CNFs. The possibility
to grow CNFs on these construction materials allowed us to get a good dispersion of the
nanomaterial in the cement matrix and therefore to significantly improve the physical
properties of the hardened cement paste. The CHM has been proven to increase by 2-
fold the compressive strength and by 40-fold the electrical conductivity of the hardened
paste. To the best of our knowledge, these significant compressive strength and
electrical conductivity enhancements with the help of CNTs and CNFs are the highest
reported (Publication V).
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2 Literature review
2.1 Carbon nanostructure properties and applications
SWCNTs form a hexagonal network of carbon atoms rolled into a seamless, hollow
cylinder, with each end capped with half a fullerene molecule [28]. Rolling of the
graphene sheet at different angles creates a visible twist or spiral in the molecular
structure, giving it chiral properties. The basic structure of a SWCNT is specified by a
single vector called the chiral vector Ch. As shown in Figure 1, this vector is denoted by
OA and is the section of the nanotube perpendicular to the nanotube axis, which when
rolled up is the circumference of the tube. Figure 1 shows the unrolled lattice of the
nanotube and, in this case, the direction of the nanotube axis is given by the vector OB.
The lattice can then be rolled to form a cylinder by lining up the points so that O is on
top of A and B is on top of B’.
Figure 1. Chirality in nanotubes [28]
The chiral vector Ch is then determined by the real space lattice vectors a1 and a2, which
are also defined in Figure 1. This leads to the following equation:
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                                        Ch = na1 + ma2   ?   (n, m).                                             (1)
A nanotube is then specified by the pair of the integers (n, m), where 0 ? m ? n.
For CNTs the parameter 'a' (~ 2.49 Å) is the length of the unit vectors. The length of the
chiral vector is
                                        |Ch| = a (n2 + m2 + nm) 1/2                                               (2)
and thus the diameter of the SWCNT is
                                        d = |Ch|/?.                                                                       (3)
The chiral angle obtained as
__
                                        ? = arctan (?3m/ (2n + m)).                                           (4)
The main symmetry classification of the tube defines it as being either achiral or chiral.
An achiral tube is defined as one where the mirror image of the tube is identical to the
original one. A chiral tube is then defined as a tube where the mirror image cannot be
superposed on to the original tube; it shows spiral symmetry. There are two types of
achiral tubes, which are known as armchair and zigzag nanotubes. These two types can
be seen in Figure 2 where (a) is an armchair tube and (b) is a zigzag tube. These two
tubes get their names from the shape of the cross-sectional ring at the circumference of
the nanotubes. An armchair nanotube is then defined as the case where n = m (? = 30°)
in equation 1, and a zigzag corresponds to the case where m = 0 (? = 0°). All other
chiral vectors (0 < ? < 30°) correspond to the production of chiral nanotubes (Figure
2c). Those indices uniquely determine whether the SWCNT is metallic or
semiconducting: when |m - n| = 3k (k is an integer), the tube is metallic but if |m - n| =
3k ± 1, the tube is semiconducting.
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Figure 2. Three different structures of SWCNTs: (a) armchair, (b) zigzag and (c) chiral [29].
CNTs can also be found in other forms, for example the DWCNT (Figure 3b) and
MWCNT (Figure 3a, c). DWCNT and MWCNT contain 2 and more coaxial cylinders,
respectively, with each cylinder being a SWCNT with weak van der Waal forces
binding the cylinders together. The physical properties of carbon nanotubes are shown
in table 1.
Figure 3.  (a) and (c) MWCNTs (b) DWCNT [6]
(a) (b) (c)
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Table 1. Physical properties of carbon nanotubes [30]
Mechanical properties
Young’s modulus of MWCNTs                                       ~1000-1200 GPa
Young’s modulus of SWCNT ropes                                ~1000 GPa
Tensile strength SWCNT ropes                                       ~60 GPa
Electrical Properties
Resistivity of SWCNTs and MWCNTs                             10-6?? m
Maximum current density of SWCNTs and MWCNTs     107-109 A/cm2
Quantized conductance of MWCNTs
(Theoretical/measured)                                                      ( 6.5 k? )-1 / ( 12.9 k? )-1
Thermal properties
Thermal conductivity of SWCNTs                                    1750-5800 W/(mK)
Thermal conductivity of MWCNTs                                 >3000 W/(mK)
A carbon nanofiber (CNF) is characterized by a graphitic like structure with variable
alignments of laminated hexagon layers along the fiber axis [31]. The graphitic platelet
sheets that make up the nanofiber can be mainly divided into three different
configurations, as shown in Figure 4. In the tubular form, graphitic walls are parallel to
the fiber axis (Figure 4a) and this is a MWCNT. Figure 4b shows that the graphitic
layers are at an angle to the fiber axis and this is usually called the herringbone (fish
bone) or cup stacked structure due to its shape. In the final configuration, graphitic
layers are positioned perpendicular to the fiber axis and are stacked on top of each other
(Figure 4c).
Figure 4. Schematic representation of various arrangements of graphitic platelets in carbon nanofibers (a)
tubular, (b) at angle (c) perpendicular to the fiber axis [32].
(a) (b) (c)
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Table 2. Physical properties of carbon nanofibers [33]
Properties Value
Tensile strength
Tensile modulus
Ultimate strain
Density
Electrical resistivity
Thermal conductivity
2.7  GPa
400 GPa
1.5%
1.8  g/cm3
10-5?? m
20   W/(mK)
Due to their remarkable properties, CNTs have been investigated for various
applications such as light emitting diodes [34], sensors [35], actuators [36], logic
circuits [37], super capacitors [38], filters [39] and ceramic and reinforced composites
[40, 41]. CNFs are used in fuel cells [42], supercapacitors [43] sensors [44, 45] and
tissue engineering [46] and composite applications [47].
2.2 Synthesis methods
The most familiar methods for the nanotube synthesis are arc discharge, laser ablation
and CVD.
Arc discharge method. A schematic view of the arc discharge method is given in Figure
5.  A potential difference of 20 - 30 V is applied between two graphite rods placed in a
noble gas flushed reaction chamber at a constant pressure of 200 to 500 Torr [48, 49].
The graphite electrodes are moved close to each other until a plasma is produced,
usually at a distance of approximately 1 mm or less. MWCNTs are produced when pure
graphite electrodes are used. In case of SWCNT synthesis, the anode graphite is doped
with metal catalyst.
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Figure 5. Schematic diagram of arc-discharge [50]
Laser ablation method. In this method, a pulsed laser vaporizes a metal-graphite
composite in a reactor which is at high temperature. To get uniform vaporization, a laser
beam scans the target surface. Once the vacuum is established in a tube shaped reactor,
it is filled with argon to sweep the carbon soot produced by laser vaporization from the
high temperature zone to the water cooled copper collector. The initial laser
vaporization pulse is followed by a second pulse for more uniform vaporization, which
minimizes the amount of carbon deposited as soot. Carbon clusters from the graphite
target are cooled and condensed on the copper collector. Laser ablation method was
initially developed for the synthesis of fullerenes by Kroto et al. [5]. This method was
utilised for the formation of CNTs by the use of catalyst in carbon target [51]. A
schematic view of the laser ablation setup is shown below.
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Figure 6. Schematic diagram of laser ablation technique [51]
Chemical vapour deposition. In principle, chemical vapor deposition can be understood
as a chemical process in which volatile precursors are used to provide a carbon feed
source to a catalyst particle at elevated temperatures (350–1000 °C) [50]. Chemical
vapour deposition is the term used to describe heterogeneous reactions in which both
solid and volatile products are formed from a volatile precursor through chemical
reactions, and the solid products are deposited on a substrate. Metals are used to
catalyze CNT growth. Usually, transition metals, in particular iron, cobalt and nickel are
used as catalysts because of their high carbon solubility into these metals [52]. Apart
from metal catalysts, CNTs were also successfully synthesized on metal free catalyst
materials such as zirconia nanoparticles [53], SiGe islands [54] and sputtered SiO2 film
[55]. The advantage of the CVD method is that it allows control over the morphology
and structure of the CNTs produced. Both MWNT and SWCNT syntheses have been
well developed. This method can be applied to the industrial production of CNTs in the
form of powder and forests [56-58]. In addition, one can synthesize well-separated
individual CNTs, supported either on flat substrates or suspended across slits. The
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CNTs synthesized with the CVD method can be directly used to fabricate components
for nanoscale electronics.
The CVD process realized in the gas phase is called the aerosol CVD method. Various
studies of the aerosol synthesis of CNFs [59, 60], MWCNTs [61, 62] and SWCNTs [63,
64] have already been reported. Aerosol methods hold out the promise for large-scale
production as this method allows continuous feeding of the carbon precursor and
catalyst particles into the system. These methods may potentially permit control of the
catalyst particle size, offer continuous processing and provide high product purity.
27
3 Experimental
3.1 Characterization methods
A Leo Gemini DSM982 SEM was used to examine the length and density of the
synthesized CNTs and CNFs on the substrate material surface (Publications I-V). The
morphology and structure of the synthesized CNF and CNTs (Publications I-V) were
characterized by using a Philips CM200-FEG TEM equipped with a Gatan 794 multi
scan charge-coupled device (CCD) camera for digital data recording. TEM was also
used for characterising the SWCNTs by their diffraction patterns [Publication IV]. A
GASMET DX4000 (Temes Instruments) Fourier-transform infrared spectroscopy (FT-
IR) was employed to study the gas products coming out of the vertical and horizontal
CVD reactors (Publications I, IV). Raman spectroscopy with a Nd:YAG green laser
(532.25 nm, 30 mW) was employed to characterize the individual SWCNTs grown
across the slits (Publication III) and also used for characterizing CNFs/CNTs grown on
cement (Publication V).
To determine possible changes in the cement after high temperature treatment, XRD
analysis was carried out with Philips PW 1820 (Publication IV) and Bruker D8 Advance
(Publication V) X-ray diffractometers using CuK? radiation. To estimate the carbon
nanomaterial yield on the treated cement particles, thermogravimetric analyses (TGA)
were performed using a Netzsch STA 449 C thermobalance. SEM-EDX mapping was
used for elemental mapping of the cement paste to check the dispersion of CNTs/CNFs
(Publication V).
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3.2 Synthesis methods
3.2.1 Vertical CVD reactor
In order to investigate the formation of CNTs on flat substrates, we designed a vertical
CVD reactor with well controlled gas flow conditions. The reactor was built in the
vertical orientation to maintain laminar conditions and to avoid recirculation inside [65].
This allowed us to synthesize CNTs along the direction of the gas flow.
Thermally oxidized silicon wafer and Si3N4 were utilized as substrates. Investigations of
the CNT growth mechanism were carried out on 300 nm SiO2 on Si wafer substrates in
the temperature range from 550 to 1120 °C. This reactor was used to grow individual
SWCNTs across 200 nm thick Si3N4 slits with a width of 1.5 ?m to study the chirality
dependent properties.
Iron catalyst was sputtered on the substrate using an Agar sputter coater (model 108A)
under 0.05 mbar Ar pressure at 20 mA DC current. In the experiments with oxidized
silicon wafers, the sputtering time for iron was varied from 5 to 20 s. In the case of the
Si3N4 substrate, the sputtering time for nickel was maintained at 6 s.
The vertical CVD reactor consisted of a ceramic tube with an inner diameter of 2.2 cm
placed inside a 44 cm long furnace, as shown in Figure 7. For CNT growth, the reactor
was first heated to the desired temperature in a flow of Ar (400 cm3/min). A piece of a
silica wafer (about 1x1 cm2) with deposited iron catalyst was attached to the stainless
steel rod (sample holder) and then inserted into the middle of the reactor. A
thermocouple was placed inside the rod to monitor the temperature of CNT growth.
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Then, a H2 flow (200 cm3/min) was introduced into the reactor for the duration of the
synthesis. After 5 min, the Ar flow was replaced by CO with the same flow rate. After
30 min growth time, the H2 was switched off, the CO flow was again replaced by Ar
and the rod was pulled to the dilutor, which was used for cooling the substrate to a
temperature below 100 °C. The reduction and growth periods were kept constant for
most of the experiments, unless otherwise specified. The dilutor was a porous tube,
through which a 12 l/min room temperature N2 flow was introduced. Depending on the
synthesis conditions, the mole fraction of CO2 added into the reactor was varied from 0
to 38.7%. The experiments were carried out under atmospheric pressure in the
temperature range from 590 to 1120 °C.
Figure 7. Schematic representation of the CVD reactor along with a temperature profile at 900 °C.
(Publications I, II)
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For TEM observations, CNTs were directly grown on SiO2/SiO Ni TEM grids (SPI,
USA). For individual CNT synthesis, Si3N4 was chosen due to its high dielectric
constant, strong resistance to impurity diffusion and compatibility with conventional
CMOS technology. For the CNT synthesis, nickel sputtered Si3N4 slits were fixed in the
direction of gas flow in such a way that the CNTs grew across the slit. The growth was
maintained at a temperature of 740 °C. The same gas concentration was used as
mentioned above with 12 cm3/min CO2 flow for a period of 20 minutes.
3.2.2 Horizontal CVD reactor
A horizontal reactor was built to examine the possibility of CNT/CNF growth on the
surface of cement and clinker. Cement (clinker + gypsum) is the main constituent of
concrete and therefore very important in the construction industry. The growth of
carbon nanomaterials was also examined on the surface of a model material, namely
silica fume particles impregnated by iron salt. Silica particles are also known to be used
in the construction industry to increase the strength of concrete by acting as a microfiller
and as a reactant in the pozzolanic reaction during cement hydration [66].
The horizontal CVD reactor consists of a 40 cm long quartz tube with inner diameter of
1.2 cm placed inside 25 cm long furnace. A schematic view of the horizontal reactor is
shown in Figure 8. C2H2 and CH4 were utilized as carbon sources and H2 was used as
the reducing agent. The number mean size of the silica particles was varied from 100
nm to 2 ?m. For impregnation of catalyst, 2 g of silica particles was mixed with 150 ml
aqueous iron nitrate (3.8 x 10-3 M) solution. Then, the solution was stirred for 1 h and
dried in an oven at 90 °C. The obtained powder was ground before placing in the
31
reactor. For this study, sulphate-resistant Portland type cement (CEM I 42.5N) with
3.4% (weight) Fe2O3 produced by Finnsementti Oy was used. The number mean size of
the cement particles varied from 1 to 20 ?m and the powder was directly employed for
the CNT/CNF growth. In order to permeate the cement with catalyst, 0.4 g of cement
was added to 56 ml ethanol based iron nitrate (3.8 x 10-3 M) solution. The solution was
stirred for 1.5 hours and dried under ambient conditions.
Figure 8. Schematic view of the horizontal CVD reactor (Publication IV)
For CNT/CNF synthesis, impregnated silica powder were placed in a crucible boat,
introduced into the reactor, and heated to the synthesis temperature in an Ar atmosphere
at a flow rate of 280 cm3/min. In order to reduce iron oxide, Ar was replaced by H2 with
the same flow rate. After 5 minutes C2H2, with a flow rate of 28 cm3/min, was passed
through the reactor for 20 minutes. After the synthesis, the C2H2 flow was switched off.
H2 was replaced with Ar and the reactor was cooled down to room temperature. In the
case of CNF grown on pristine cement and impregnated cement particles, C2H2 with
same flow rate of 28 cm3/min was used with the synthesis condition stated above. About
180 mg of cement was coated in an hour. The same procedure was followed for CNF
INLETOUTLET
C2H2, CH4,
H2, ArFURNACE
silica / cement crucible boat
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growth on clinker particles. For the growth on silica particles, experiments were carried
out over the temperature range from 550 to 750 °C and the cement treatment was varied
from 550 to 900 °C.
3.2.3 Screw feeder reactor
In order to carry out mechanical tests of these materials for construction applications,
the amount of the product must be significantly increased. For this purpose, we
designed and constructed a novel CVD reactor based on a continuous feeding of the
catalyst particles using a screw feeder.
The screw feeder reactor is schematically presented in Figure 9. It consists of a quartz
tube (with an internal diameter of 34 mm and a length of 100 cm) inserted in a
resistively heated furnace (with a heated length of 60 cm), a cement powder feeder with
an adjustable mass feeding rate, a copper screw feeder, a powder collector, and a water
cooling system to keep the ends of the tube at room temperature. The overall assembly
was named the screw feeder reactor.
For the high yield synthesis of CNTs and CNFs, two types of cement with different
concentrations of iron oxide, i.e. Portland sulfate resistant (SR) (4 wt%) and White
(0.33 wt%) cements were examined (Table 3). C2H2 (with a flow rate of 660 or 860
cm3/min) was used as the main precursor. To enhance the yield, carbon monoxide (50 or
177 cm3/min) and carbon dioxide (660 cm3/min) were added as promoting additives.
The residence time of the cement particles in the high temperature reactor zone was
regulated by the motor rotation speed, which was varied from 1 to 4 min-1,
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corresponding to 40 and 10 min residence time, respectively. The experimental
investigations were carried out with a powder feed rate of 30 g/hour and a reactor wall
temperature range of 400-700 °C.
Figure 9. Schematic representation of the experimental setup based on continuous
feeding of cement particles using a screw feeder. (Publication V)
Table 3. Oxide content (wt.%) of the Portland cements utilized for CNT/CNF growth.
                    Oxides
Cement type
CaO SiO2 SO3 Fe2O3 Al2O3 MgO K2O Na2O
SR cement 63.1 20.2 3.00 4.0 2.2 2.0 0.31 0.48
White cement 68.7 25.2 2.17 0.33 2.1 0.56 0.06 0.18
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4 Results and Discussion
4.1 CNT synthesis on substrate in vertical CVD reactor
In order to investigate the effect of the Fe concentration on CNT morphology, the
sputtering time of the catalyst material was varied from 5 to 20 s. For the current
examination, the reactor temperature was fixed at 900 ºC. The mole fraction of the
introduced CO2 was kept at 0.7%, which corresponded to the 4 cm3/min flow rate. The
density of CNTs was increased with increase in the sputter time from 5 to 15 s (Figure
10 a, b, c). Further increase in the sputter time decreased the amount of CNTs (Figure
10d). This is probably due to excessive aggregation of catalyst particles, which is not
favorable for CNT nucleation and growth.
At higher temperatures, the mobility and, subsequently, the collision rate of catalyst
particles on the substrate surface is significantly enhanced. To avoid this at high
temperatures, i.e. at 970 °C and 1070 °C, the growth of CNTs was found to be optimum
with sputtering times of 11 and 7 s, respectively. For all further experiments at 900 °C
and below, a 15 s sputtering time was used unless otherwise specified.
The effect of CO2 concentration on CNT density was examined at different
temperatures. Without added CO2, the density of the CNTs produced was significantly
smaller (Figure 11a). Increasing the CO2 mole fraction up to 1.32% (8 cm3/min)
resulted in a regular increase of the CNT density (Figure 11b). Further increase in CO2
concentration led to a decrease in the amount of synthesized CNTs (Figure 11c). No
CNTs were found on the substrate at a mole fraction of 2.75% (Figure 11d). Therefore,
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1.32% CO2 concentration was chosen for optimal CNT growth at 900 °C. For optimal
CNT synthesis at higher temperatures of 970, 1070 and 1120 °C the CO2 mole fractions
were found to respectively decrease to 0.25, 0.083 and 0.075%. At lower temperatures,
from 740 to 590 °C, the optimum concentration increased and varied respectively from
2.0 to 38.7%.
Figure 10. SEM images of CNTs synthesized at 900 ºC with CO2 concentration of 0.7% showing the
effect of sputtering time on the density: a) 5 s; b) 10 s; c) 15 s; d) 20 s. (Publications I, II)
During the TEM observation only single-walled CNTs were found at 590 °C (Figure
12a). TEM characterization of the samples produced at 740 °C revealed predominant
single-walled CNT formation. An observation of 25 tubes found that only 2 tubes were
double-walled. Mainly (27 of 32 tubes) double-walled CNTs along with a few single-
(a)
(c) (d)
(b)
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walled CNTs were synthesized at 900 °C. A typical TEM image of a double-walled
CNT is shown in Figure 12b. At 970 °C, 10 triple-walled, 6 double-walled, 3 quadruple-
walled and 1 single-walled CNT were found. A typical TEM image of a triple-walled
CNT is shown in Figure 12c. At 1070 °C, mainly quadruple-walled CNTs were found
(Figure 12d); however, a few CNTs with three and five walls were also detected under
these conditions. Increasing the synthesis temperature increased the lengths of CNTs.
The variation in length and diameter of CNTs synthesized at different temperatures are
shown in Table 4.
Figure 11. SEM images of CNTs synthesized at 900 °C with sputtering time of 15 s showing the effect of
CO2 mole fraction on the CNT growth: a) 0%; b) 1.32%; c) 2.12%; d) 2.75%. (Publications I, II)
.
(b)
(d)(c)
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Figure 12. TEM images of typical products synthesized at different temperatures: a) a single-walled CNT
at 590 °C; b) a double-walled CNT at 900 °C; c) a triple-walled CNT at 970 °C; d) quadruple-walled
CNTs at 1070 °C. (Publications I, II)
Table 4. Variation of the number of walls, diameters and lengths of CNTs produced at different
conditions.
Temperature,
°C
CO2
concentration,%
Product,
number of
walls
CNT
diameter, nm
Variation in
length, ?m
590 38.7 1 2.1 – 2.4 > 2
740 2.00 1,2 1.4 – 2.5 0.5 – 25
900 1.32 2,1 3.6 – 8.4 2 – 100
970 0.25 3,2 3.7 – 7.3 2 – 200
1070 0.083 4,3,2 4.5 – 12 > 350
In order to examine the effect of the catalyst particle diameter on the number of walls,
the sputter time was decreased to 6 and 8 s and the CNT synthesis was carried out at
900 °C and 970 °C. However, this did not significantly affect the number of walls. For
(c) (d)
(b)(a)
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instance, CNTs produced at 900 °C were mainly double-walled but with smaller
diameters of about 2 nm. Decreasing the sputtering time to 7 s at 970 °C allowed us to
produce mainly triple-walled and few double-walled CNTs with diameters of 3.3-7.2
nm. It was concluded that the catalyst sputter time has no effect on the variation of CNT
walls.
Many catalyst particles were either completely detached or indirectly attached, i.e. not
embedded inside CNTs (Figure 13). This abnormal connection between catalyst
particles and CNTs can be explained by a fast quenching of the CNT growth, namely by
the rapid cooling of CNTs in the dilutor when removing the sample from the reactor and
sudden release of carbon which was dissolved in the catalyst particle. This could be a
quite interesting approach to detach catalyst particles from CNTs and might allow
synthesizing catalyst free CNTs.
Figure 13. TEM images of CNTs together with particles that catalyzed their growth. Inset images show
the other ends of the tubes. (Publication I)
FT-IR measurements of the gaseous products coming from the reactor at 900 °C were
carried out during the CNT synthesis (Figure 14). When H2 was added to Ar and CO2
(b)(a)
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flows, the water-gas shift reaction [67] took place which led to the formation of CO and
H2O. After the introduction of CO to the reactor, 13-25 ppm of CH4 was detected. This
amount of methane, taking into account 30 min growth duration, might be sufficient for
CNT growth. When CO and H2 were switched to Ar, the CH4 disappeared from the
gaseous products.
CO H2 ArAr    CO
Ar
H2
4000 3500 3000 2500 2000 1500 1000
0.00
0.02
0.04
0.06
0.08
1.2
1.6
CH4
CO
CH4
H2O
CO2 + H2O
CO2 CO
Ab
so
rb
an
ce
, a
u
Wave number, cm-1
Figure 14. The results of FT-IR measurements after the reactor at 900 °C: a) time dependence of gaseous
components during the process of CNT synthesis; b) IR spectrum revealing the formation of methane.
(Publication I)
To examine the effect of CH4 on the CNT structure as well as on the variation of wall
numbers, additional amounts (715 and 3560 ppm) of CH4 were added to the reactor at
900 and 970 °C. However, no significant effect on the morphology and the number of
walls of CNTs was observed. Additional experiments carried out with a mixture of CH4
and H2, i.e. without CO, did not lead to the formation of CNTs. Therefore, methane can
be ruled out as being the carbon source determining the structure and morphology of
CNTs grown at high temperatures.
A thermodynamic approach was applied to examine the possible reactions in the
reactor. The thermodynamic calculations were carried out using the F*A*C*T software
(a) (b)
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[68]. The values of enthalpies for different reactions were given for a temperature of
900 °C. For the calculations we used the thermodynamic data for graphitic carbon C and
?-Fe.
The main source of carbon for CNT growth was the Boudouard reaction (CO
disproportionation):
CO (g) + CO (g)?  C + CO2 (g),   ?H =-169 kJ/mol         (5)
Since H2 was also present in the reactor, another reaction, namely CO hydrogenation,
leading to carbon release, could occur:
CO (g) + H2 (g)?  C + H2O (g),   ?H = -136 kJ/mol        (6)
Applying the rule of summation for reactions (5) and (6) one can get a water-gas shift
reaction:
CO (g) + H2O (g)? H2 (g) + CO2 (g),   ?H = -33 kJ/mol                    (7)
determining the relative concentration of the gaseous species. Reactions (5) and (6)
have very similar thermodynamic behavior [69]. At low temperatures these reactions are
shifted toward the formation of carbon. A thermodynamic equilibrium (?G = 0) is
observed at a temperature of approximately 700 °C (Figure 8a). Kinetic investigations
of reaction (5) show appreciable reaction rates in the temperature interval from 470 to
820 °C [69]. At higher temperatures the inverse reactions prevail. At temperatures lower
than 325 °C, this reaction is limited kinetically and at high temperatures it is
thermodynamically prohibited. However, reaction (5) (as well as reaction (6)) can occur
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at 900 °C even though ?G900>0, since the equilibrium concentration of CO2 at this
temperature is about 2.7%.
It is worth noting that the experimentally optimized concentrations of CO2 needed for
the successful CNT synthesis were close to, but smaller then the equilibrium values
(Figure 15a). If the concentration of the introduced CO2 was higher than the equilibrium
one, then the equilibrium of reaction (5) would be shifted to the left and CO
disproportionation would not occur. Thus, the optimized CO2 concentration values are
in good agreement with the thermodynamic approach used in this work (Figure 15a).
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Figure 15. The results of thermodynamic calculations: a) CO disproportionation: temperature dependence
of the Gibbs free energy and equilibrium CO2 mole fraction, together with experimentally optimized
concentrations for CNT growth (open dots);  b) the gaseous product after mixing 2 mol CO, 1 mol H2 and
CO2 (1.3%);  c) The effect of the particle size on melting temperature of Fe particles. (Publications I, II)
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As has been shown, CO2 played a very important role in the variation of the product
morphology. The absence of introduced CO2 as well as an excess reduces the density of
the CNTs, which implies disadvantageous conditions for the activation of catalyst
particles. Most likely the role of CO2 can be attributed to: i) an etching effect, i.e.
removing excess and/or catalyst “poisoning” carbon or ii) the prevention of catalyst
particle passivation or activation of catalyst particles according to [70]:
Fe3C + CO2 (g)?  3Fe + 2CO (g),    ?H = 146 kJ/mol   (8)
since cementite is known to be an inactive phase for fiber and CNT formation [71, 72].
Reaction (8) is thermodynamically favorable (?G > 0) at temperatures higher than 685
°C, whereas at lower temperatures the inverse reaction of cementite formation occurs.
Also, one should mention the possibility of cementite formation due to the direct
reaction between carbon and iron:
3Fe + C ? Fe3C,    ?H = 12 kJ/mol         (9)
FT-IR measurements revealed the formation of CH4 in the reactor. This can be
attributed to reactions of H2 with CO:
3H2 (g) + CO (g)?  CH4 (g) + H2O (g),   ?H = -227 kJ/mol       (10)
or with carbon:
2H2 (g) + C (s)?  CH4 (g),   ?H = -91 kJ/mol       (11)
Thermodynamic calculations were performed to examine the possibility of methane
formation at different temperatures in the reactor. When we calculated for a mixture of
2 mol of CO and 1 mol of H2, corresponding to the experimental conditions (400
cm3/min CO and 200 cm3/min H2), the maximum methane concentration was found to
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be at around 370 °C (Figure 15b), which is in a good agreement with the literature data
[73, 74]. There are two zones in the reactor with this temperature, in the upper and
lower part of the reactor (Figure 7). Since methane formation requires the presence of
catalyst, CH4 was most likely formed on the reactor walls. The alumina ceramic tube
used for the experiments contained SiO2 (0.25%), Ca (0.02%), Fe (0.02%) and Cd
(0.09%) impurities. The amount of the ceramic impurities was capable of producing
about 10 ppm of CH4 by this methanation process taking into account the very high
surface area [75, 76]. In order to verify the methane formation on the reactor walls we
replaced the ceramic tube with a quartz one. FT-IR measurements detected no methane
formation coming out of the quartz tube reactor.
Incremental variation of the number of CNT walls cannot be explained by a gradual
change of the reactive carbon precursor in the reactor from CO to CH4 at high
temperatures. Neither is the increase of catalyst particle size alone responsible for the
formation of thin MWCNTs, since decreasing the sputtering time, i.e. decreasing the
catalyst particle size, did not lead to a significant change in the number of walls of the
CNTs produced, but reduced the CNT diameter.
It is known that the properties of small particles differ significantly from those of the
bulk material. The melting temperature Tm for a given particle of radius r can be
estimated on the basis of the Kelvin equation as
÷
÷
ø
ö
ç
ç
è
æ
D
-=
fus
sl
om Hr
VTT s2exp ,       (12)
44
where To is the bulk melting temperature (1535 °C); ?Hfus is the latent heat of fusion; V
is the volume of a metal atom; ?sl is the surface tension between liquid and solid. The
results of the calculations are plotted in Figure 15c. As one can see, catalyst particles of
4-5 nm in diameter are expected to be in a liquid state at temperatures above 890-1000
°C.
At lower temperatures, catalyst particles are in the solid phase and, as a result, produce
single-walled CNTs, which agree with the literature results [77, 78]. At high
temperatures the catalyst particles are in the liquid state and promote the formation of
CNTs with larger numbers of walls. These follow from the diffusion model [79-81], and
can be explained by an increase in the carbon solubility [82] and diffusivity [69] in
liquid iron. These properties are significantly enhanced with temperature, which also led
to the increase of the length and the number of CNT walls.
The optical and electrical properties of SWCNTs strongly depend on the chiral structure
of the tube [83]. For studying the properties of each particular structure, it is essential to
grow individual suspended SWCNTs. Accordingly, individual SWCNTs were grown
over the Si3N4 slit. The use of iron catalyst on the Si3N4 substrate did not lead to CNT
growth, which is likely to be related to the reaction between iron and Si3N4 to form iron
nitride, which is known to prevent nanotube growth. Nickel employed as a catalyst
initiated CNT growth in a CO atmosphere. SWCNTs were synthesized at 740 °C by
keeping the slits in the direction of gas flow. Figure 16 shows a typical SWCNT grown
across the slit.
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By using a method based on intrinsic layer line distance analysis [84], the diffraction
pattern (Figure 16b) was indexed and the chiral indices were determined to be (28, 14)
with a diameter of 2.9 nm, which is in a good agreement with the Raman spectra (Figure
16c). Using a relation between the frequency of the radial breathing mode (RBM) mode
(wRBM) and the diameter of the tube, d = 227.0/wRBM, obtained for a large number of
long isolated SWCNTs grown by a “supergrowth” method, we get another estimate for
the diameters of the tubes [85]. The frequency of the RBM mode for the tube is 75.8
cm-1 giving a diameter of 3.0 nm. On the other hand, using the relationship d =
204/(wRBM-27), which was obtained for suspended SWCNTs leads to a severe
overestimate of the diameters (3.2 nm) [86]. This discrepancy shows that still more
work is needed to fully understand the different factors that affect the relationship
between the diameter and the frequency of the RBM. This method is an efficient way to
grow individual CNTs for the investigations of transport, optical and sensing properties
of individual SWCNTs. In particular, the nonlinear optical response of well
characterized individual semiconducting SWCNTs was studied from these grown
SWCNTs [Publication III].
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Figure 16. Individual SWCNT grown across a Si3N4 slit: a) SEM image; b) and c) electron diffraction
pattern and Raman spectra of the particular SWCNT. (Publication III)
4.2 CNT/CNF synthesis on particles
4.2.1 Synthesis in horizontal CVD reactor
Both silica and cement particles were completely covered by carbon nanomaterials
when acetylene was used as the carbon source. On the surface of silica particles, mostly
CNFs with diameters varying from 30 to 50 nm, were observed at a growth temperature
of 550 °C. Increasing the temperature resulted in the growth of MWCNTs [87] with 5 to
10 walls, as shown in Figure 17. The outer diameter of the MWCNTs varied from 10 to
(a) (b)
(c)
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15 nm at 600 °C and from 12 nm to 20 nm at 750 °C. The maximum length of the CNTs
was found to be 15 µm.
50 nm
Figure 17. SEM images: a) pristine silica particles; b) silica particles treated at 600 °C at the synthesis
conditions; c) TEM image of CNTs grown at 600 °C on the surface of silica particles. (Publication IV)
On the surface of cement particles we synthesized a novel cement hybrid material
(CHM), in which CNFs are attached to the cement particles. Cement is known to consist
of the oxide components (SiO2, MgO and Al2O3), which are good supporting materials
for the growth of CNTs and CNFs [e.g., 9, 10, 14]. CNFs with diameters of about 30 nm
and average lengths 3 µm were grown under the same conditions used for the growth on
cement particles (Figure 18), giving a maximum yield of 20%. The difference between
the products synthesized on silica and cement particles gave us grounds for the
suggestion that the amount of catalyst was not sufficient in the cement particles. In
(a) (b)
(c) 10 nm
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order to examine this hypothesis, cement particles were impregnated with iron salt. For
the impregnation, however, utilization of the impregnated cement particles slightly
increased the yield of CNFs, but did not lead to the formation of CNTs.
50 nm
Figure 18. SEM images of (a) pristine cement particles and (b) cement treated at 650 °C at the synthesis
conditions; (c) TEM image of CNTs and CNFs grown at 650 °C on the surface of cement particles.
(Publication IV)
In order to examine the possible changes of cement at high temperatures, X-ray powder
diffraction (XRD) analysis was used. No major changes were found in the cement
particles up to 700 °C, but new peaks corresponding to graphitized carbon appeared in
the diffraction pattern (Figure 19). Also, the gypsum phase vanished after the treatment
at high temperatures, which was explained by a gradual 2 stage dehydration process of
gypsum (CaSO4·2H2O) in the temperature ranges of 120-180 oC and 180-230 oC, with
10 nm
(b)(a)
(c)
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the final formation of the crystalline anhydrite (CaSO4) phase at about 450 °C [88]. The
intensities of the other peaks of different crystalline cement compounds such as
Ca3SiO5, Ca2SiO4 and Ca3Al2O6 essentially did not change under the synthesis
conditions. Heat treatment of cement particles at 900 °C led to the formation of free
lime phase, CaO, probably due to the decomposition of the alite phase (Ca3SiO5) to
Ca2SiO4 [89]. The alite phase is the main component for providing strength in cement
[90]. Due to decomposition of the alite phase the strength of the cement decreased.
Thus, from the XRD data it can be concluded that the conditions of CNF and CNT
synthesis did not significantly change the composition of the cement particles.
Therefore, the produced carbon nanomaterials would be easily and homogenously
dispersed in the concrete and mortar and could be intermingled with the products during
the cement hydration process.
Gypsum is usually added and mixed with clinker at the final stage of cement production
and used mainly as an inhibitor for cement hydration process. For industrial
applications, clinker particles should be used instead of cement. This will first make the
process of CNT/CNF-cement composite manufacturing cheaper and secondly will allow
the avoidance of chemical changes in the cement material. In order to confirm the
possibility of using clinker as a catalyst and a support, similar investigations were
carried out with acetylene. No significant difference in the products was observed
between cement and clinker.
The procedure described above for the synthesis of carbon nanomaterials did not
produce CNTs and CNFs on cement particles using CH4 as a carbon source. This can be
explained by the need of high temperatures (850-950 °C) for CH4 decomposition. At
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these temperatures cement particles change their crystal structure, as was found by XRD
investigations (Figure 19). On-line Fourier-Transform Infrared (FT-IR) measurements
of the outlet gas phase composition revealed relatively high emissions of CO2 and H2O
in Ar atmosphere during heating of the cement particles [91]. These two gaseous
compounds are known to behave as etching agents [92] and could completely suppress
the growth of CNTs and CNFs on the surface of cement particles.
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Figure 19. XRD patterns of pristine cement particles, the product after the synthesis at 550 ºC on the
cement surface and cement after the heat treatment at 900 ºC in Ar atmosphere. (Publication IV)
4.2.2 Synthesis in screw feeder reactor
In the screw feeder reactor the product deposited on the cement particles varied from no
carbon (below 450 °C) to complete coverage at higher temperatures. TEM images
confirmed the formation of CHM, showing that CNTs and CNFs were attached to
cement particles (Figure 20). These structures provided a good dispersion of the CNTs
and CNFs in the cement matrix, which is essential for creation of very strong and
electrically conductive concrete materials.
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5 µm 200 nm
100 nm
Figure 20. TEM images of CHM structures a) showing complete coverage of the cement particles by
carbon material. b) and c) revealing the formation of multiwalled CNTs and CNFs. (Publication V)
The CNT/CNF yield was estimated on the basis of the change of the cement color from
light-brown to black. For quantitative determination of the carbon nanomaterial yield,
thermogravimetric analysis (TGA) was performed in air using a Netzsch STA 449C
thermobalance. The results showed two features in the temperature ranges 80-280 and
380-560 °C for the SR CHM (Figure 21a). The low temperature mass decrease can be
attributed to hydrocarbons, which were formed due to acetylene polymerization
reactions [93]. The second step can be explained by burning out of carbon from the
CNTs and CNFs. Table 5 shows the effect of the experimental conditions on the product
yields calculated based on the TG analysis results per mass of raw cement (Ycem) or iron
(YFe) contained in the cement.
(a) (b)
(c)
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Table 5. Effect of experimental conditions of the carbon material yield obtained on the basis of TGA data
and calculated per mass of cement (Ycem) or iron (YFe).
T
[oC]
C2H2
[cm3min-1]
CO2
[cm3min-1]
CO
[cm3min-1]
Ycem
[%]
YFe
[%]
525 660 660 0 6.6 240
525 660 660 50 4.9 180
525 0 0 50 0 0
525 660 0 50 33 1150
550 860 0 50 46 1660
550 860 0 177 37 1330
600 860 0 50 45 1610
550[a] 860 0 50 3.3 1430
[a] White cement
The most reactive system, resulting in the highest carbon yield of YFe = 1660%
corresponding to 15 g/hour, was found to be a mixture of acetylene and CO.
Interestingly, addition of equimolar concentrations of CO2 to acetylene did not lead to
the increase of CNT yield that would have been expected from the literature [94, 95].
CO alone, known to be a good carbon precursor for single-walled CNT production [96-
98], did not form any carbon product at these low temperatures. Nevertheless, the
important role of CO can be attributed to the reduction of iron oxide [99]. Even though
the absolute yield of carbon nanomaterials was significantly higher for SR cement, the
yield calculated per mass of available iron was found to be very similar for SR and
White cements.
Raman spectra were recorded using a frequency-doubled Nd:YAG green laser (532.25
nm, 30 mW) and CCD detector in ambient conditions. Results for the as-grown hybrid
CNT modified cement samples showed two main features in the spectra, the G band at
53
about 1600 cm-1 and D band at 1325 cm-1 (Publication V), which respectively indicate
the presence of graphitized (sp2-hybridized) and amorphous or sp3-hybridized carbon in
the samples. These are typical spectra obtained for MWCNTs [100]. The results of the
Raman measurements did not significantly change when the type of cement or
experimental conditions were varied. XRD analysis revealed that no major changes
were found in the crystallinity, but new peaks corresponding to graphitized carbon
appeared and the gypsum phase vanished (Figure 21b) in the same way as discussed in
the previous section.
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Figure 21. a) TGA curves of CHM produced (1) at 600 °C and (2) at 550 °C under C2H2 + CO (860 + 50
cm3min-1), (3) at 525 °C under C2H2 + CO (660 + 50 cm3min-1), and (4) at 525 °C under C2H2 + CO2  (660
+ 660 cm3min-1), and (5) pristine SR cement; b) XRD patterns of (1) pristine SR cement and CHM
produced (2) at 500 ºC in C2H2 + CO2 (500 + 500 cm3min-1), (3) at 575 ºC under C2H2 + CO2 (660 + 60
cm3min-1) reveal the gypsum (G) decomposition under thermal treatment and appearance of the
graphitized carbon (C). (Publication V)
4.2.3 Application for construction materials
To examine the quality of the produced hybrid structures for applications in
construction material, hardened cement paste (concrete without sand and gravel) was
prepared from the produced CHM. Compressive and flexural strength as well as
(a) (b)
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electrical conductivity measurements were carried out. For the current tests, beams with
dimensions of 60x10x10 mm3 were prepared using Teflon molds and cured in water at
20 ºC for 7, 14 and 28 days. Each series consisted of three beams. The cement paste
specimens produced from a mixture of pristine SR cement and SR CHM contained a
polycarboxylate based surfactant available under the commercial name Kolloment
(Grace Chemicals), whereas the cement paste specimens produced entirely from SR
CHM contained a mixture of two surfactants, Kolloment and Parmix (Finnsementti Oy).
The cement paste beams were first tested to determine their flexural strength. Then,
three out of six half-beams were crushed to determine compressive strength while the
remaining half-beams were used for the electrical resistance measurements. The
electrical resistance, R, of the concrete samples dried at ambient conditions after one
day and two months after the mechanical investigations, was measured using two
contacts pressed on to opposite sides of the sample through soft graphite films with an
area of S = 1 cm2 separated by a distance L =1.2 cm. The resistivity, r was determined
as LSR /×=r .
The strength tests after 7 and 14 days after curing in water showed a slight worsening of
the mechanical properties of samples when the ordinary cement was partially or
completely replaced by CHM. This might be explained by a lower degree of hydration
of the modified cement. After two months drying at ambient conditions the most
significant decrease in the concrete electrical conductivity was observed for the samples
made using the highest amount of pristine cement, while no time effect was found for
the samples when 100% CHM samples had been used.
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The cement pastes made of CHM samples produced using different conditions
confirmed the significant improvement of both mechanical and electrical properties
after curing in water for 28 days. This improvement was due to the good interfacial
bonding between CNFs and cement. As seen from Table 6, the SR CHM can be used to
prepare a mechanically very strong paste with compressive strength more than 2 times
higher than that of the paste prepared from the pristine cement. In addition, up to 40
times better electrical conductivity can be produced in our paste whilst preserving its
mechanical properties.
To the best of our knowledge, these significant compressive strength and electrical
conductivity enhancements are the highest reported with the help of CNTs. Up to now,
CNTs and CNFs added to cement matrix have resulted in either a decrease or a rather
small (up to 20%) increase of the compressive strength [101-103]. The main problem
has been to obtain a good dispersion of carbon nanomaterials in the matrix. On the other
hand, the weakest point for the composites, using carbon nanostructures for advanced
materials, is in the interfacial bonding between CNTs and the binder matrix. In order to
improve this situation, many researchers [101, 104-108] have treated CNTs/CNFs with,
for example, ozone gas or silane or sulfuric or nitric acids leading to the formation of
carboxylic groups capable of enhancing the reinforcement efficiency between the
hydrated cement and the CNTs. From this point of view, in order to increase the
strength of the hardened paste (or concrete) it is essential to attach or produce
CNTs/CNFs attached to cement particles, as we have demonstrated in this work. In this
way, the carbon nanomaterials are easily and homogenously dispersed in the cement
paste and are intermingled with the hydration products during the hydration process.
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It is important to note that the best mechanical results were obtained from the CHM
synthesized in the presence of CO2, while the component needed for the highly
conductive paste was fabricated by adding CO to the reactor. If the increase in the
electrical conductivity can be explained by higher CNT and CNF yield in the presence
of carbon monoxide, the role of CO2 might be attributed to the etching of amorphous
carbon and hydrocarbons formed due to C2H2 polymerization.
Table 6. Mechanical (after 28 days curing in water) and electrical (1 day after mechanical testing)
properties of cement paste prepared by adding different samples of SR CHM.
Fraction
of CHM
[%]
Synthesis conditions Compressive
strength
[MPa]
Electrical
resistivity
[MW.cm]Temperature
[ºC]
Gas flow rate,
[cm3min-1]
C2H2 CO2 CO
0 - - - - 25 9.7
100    550[a] 860 0 177 22 0.23
100    575[b] 660 660 0 55 1.3
100    500[b] 500 500 0 40 1.7
100 525 660 660 0 56 4.0
[a] 6 min-1 and [b] 2 min-1 – screw feeder rotation rate.
SEM observations together with EDX analyses found that the CNTs and CNFs
originally attached to the cement particles appeared to be embedded in the hydration
products (Figure 22). CNTs and CNFs bridged the neighboring cement particles
surrounded by their hydration products, which led to the significant increases in the
mechanical strength and electrical conductivity on the hardened paste.
Significant enhancement of the mechanical properties of the SR CHM paste after
prolonged water curing was certainly caused by progressing hydration. The results also
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indicate a significantly slower hydration rate of the CHM in comparison with the
pristine cement. The difference between the strengths of CHM and pristine cements can
be partly explained by the change of gypsum to its anhydrite form. CaSO4 has a slower
dissolution rate compared to gypsum and thereby could be lacking in the pore water to
hinder the reaction of the Ca3Al2O6 clinker phase in the early stages of cement
hydration. Also, CaSO4 in cement reacts with batch water and transforms into hemi
hydrate/gypsum so the volume of water available for hydration of calcium silicate
hydrate, which is responsible for the good strength properties of concrete, is decreased
[88]. This could also contribute in the stiffening of the paste in CHM hydration.
Figure 22. The results of SEM/EDX investigations of the hardened cement paste (curing in water for 28
days) after the mechanical test. The images reveal the presence of carbon nanomaterials (indicted by
arrows) and cement composition elements: O, Al, Si and Ca. (Publication V)
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5 Conclusions
This thesis reports the synthesis of carbon nanomaterials on flat substrates and on
micron sized particles in three different CVD reactors. In the vertical CVD reactor,
CNTs were grown on flat silica substrates using CO and Fe as a carbon source and a
catalyst, respectively. It was shown that the CNT morphology can be controlled by the
catalyst sputtering time and by the amount of CO2 introduced in the reactor. It was
found that CO2 plays a crucial role in the CNT growth, which was attributed to etching
of amorphous carbon and prevention of the formation of the cementite phase.
Depending on the synthesis conditions, the diameter of the CNTs can be varied from 1.4
to 12 nm. A variation of the number of CNT walls from 1 to 4 was found by changing
the synthesis temperature from 590 to 1070 °C, together with CO2 concentration.
Increasing the temperature resulted in an increase in the CNT length from 0.5 to 350
?m. This incremental variation of the number of CNT walls and CNT length with
growth temperature can be explained by an enhancement of carbon solubility and
diffusivity. To study individual SWCNT properties, we developed a method for
nanotube growth across a 1.5 ?m width Si3N4 slit. Both TEM and Raman
characterization techniques were employed to study the properties of the grown
SWCNTs.
By using the horizontal CVD reactor, we showed, for the first time, the possibility to
synthesize CNFs on cement and clinker without additional catalyst. The carbon
nanomaterials produced in this way are homogenously dispersed in the matrix materials,
which solves the major problem of creating a good dispersion of CNTs and CNFs in a
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matrix and also provides good bonding between carbon and matrix materials. XRD
characterization revealed no major change in the cement crystallinity up to the synthesis
temperature of 700 °C, but a new peak corresponding to graphitized carbon appeared,
and the gypsum phase vanished. Utilization of silica fume particles impregnated by iron
salt provided a model material for a comparison with cement particles. Increasing the
synthesis temperature from 550 to 750 °C resulted to the change of the product from
CNFs to CNTs.
Since the horizontal CVD reactor allowed us to synthesize a maximum of about 150 mg
h-1 of the nanomaterials on the surface of cement, we elaborated and constructed a
continuous CVD reactor based on screw feeding of the catalyst. The optimization of the
experimental conditions (the rate of the catalyst feeding, the flow rate and the
concentration of acetylene and promoting gases such as CO and CO2) allowed us to
increase the yield up to 30 g h-1. This amount was sufficient for the mechanical tests of
the composite material. Investigations of the physical properties of the paste made of the
CHM revealed as high as a 2-fold increase in the compressive strength and a 40-fold
increase in the electrical conductivity after 28 days curing in water, which are the
highest so far reported.
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